Spatially distributed sensory information is topographically mapped in the brain by point-to-point correspondence of connections between peripheral receptors and central target neurons. In fishes, for example, the axonal projections from the mechanosensory lateral line organize a somatotopic neural map. The lateral line provides hydrodynamic information for intricate behaviors such as navigation and prey detection. It also mediates fast startle reactions triggered by the Mauthner cell. However, it is not known how the lateralis neural map is built to subserve these contrasting behaviors. Here we reveal that birth order diversifies lateralis afferent neurons in the zebrafish. We demonstrate that early-and late-born lateralis afferents diverge along the main axes of the hindbrain to synapse with hundreds of second-order targets. However, early-born afferents projecting from primary neuromasts also assemble a separate map by converging on the lateral dendrite of the Mauthner cell, whereas projections from secondary neuromasts never make physical contact with the Mauthner cell. We also show that neuronal diversity and map topology occur normally in animals permanently deprived of mechanosensory activity. We conclude that neuronal birth order correlates with the assembly of neural submaps, whose combination is likely to govern appropriate behavioral reactions to the sensory context.
Introduction
In aquatic environments, mechanical stimuli can convey information about the location and trajectory of obstacles, conspecifics, prey, and predators, allowing animals to optimize navigation or to escape from a threat (Dijkgraaf, 1963; Bleckmann and Zelick, 2009 ). The spatial distribution of sensory information is topographically mapped in the CNS by stereotypical connections between peripheral receptors and target neurons, which is essential for the accurate transmission of environmental stimuli to processing centers in the brain (Luo and Flanagan, 2007) . For example, hydromechanic variations along the body of fishes and amphibians are captured by external mechanosensory organs called neuromasts, which collectively form the lateral line (Ghysen and Dambly-Chaudière, 2007) . Locally acquired mechanical signals by the sensory elements of the neuromast, called hair cells, are transmitted to bipolar afferent neurons that project central axons to the medial octavolateralis nucleus of the hindbrain (Claas and Münz, 1981; Alexandre and Ghysen, 1999; Ghysen and Dambly-Chaudière, 2007) . This first mechanosensory relay contains a somatotopic neural map, in which the afferent central projections are stratified along a dorsomedial-ventrolateral axis that reflects the spatial distribution of the neuromasts (Claas and Münz, 1981; Alexandre and Ghysen, 1999; Ghysen and DamblyChaudière, 2007) . Lateral-line somatotopy suggests that this sensory system builds a continuous neural map (Alexandre and Ghysen, 1999; Luo and Flanagan, 2007) .
The lateral line possesses a dual function. It plays a major role in navigation, schooling, rheotaxia, prey detection, and hunting (Montgomery et al., 1997 Coombs and Patton, 2009 ). This set of behaviors necessitates continuous input and involves fine and complex processing of the hydrodynamic field. The lateral line also mediates very fast responses to sudden mechanical stimuli, such as the C-start escape behavior that is triggered by the activation of a reticulospinal command neuron called Mauthner cell (McHenry et al., 2009) . Because the value of the escape response is its near immediate onset after potentially threatening stimuli, it is best served by avoiding high-order processing. It is currently not understood how the lateralis neural circuit is built to subserve these contrasting behaviors. Here we investigate this issue by characterizing the assembly of the posterior lateralis sensorineural map.
Materials and Methods
Zebrafish strains and husbandry. Zebrafish were maintained under standardized conditions and experiments were conducted in embryos of un-determined sex in accordance with protocols approved by the Parc de Recerca Biomèdica de Barcelona's Ethical Committee of Animal Experimentation. Tg [HuC:Kaede] , HGn39D, and hspGFF53A transgenic lines have been published previously (Sato et al., 2006; Faucherre et al., 2009; Pujol-Martí et al., 2010) . The hspGFFDMC130A was generated by random integration of an enhancer-trap construct . The atoh1a_fh282 mutant strain carries a missense mutation, aa126 arginine to tryptophan, and was obtained from C. Moens (Fred Hutchinson Cancer Research Center, Seattle, WA) . The tmie_ru01 mutant fish were described previously (Gleason et al., 2009; Faucherre et al., 2010) .
Selection of mutants. Wild-type animals and homozygous mutants for tmie and atoh1a were sorted based on DiASP incorporation into hair cells of the lateral line. Homozygous mutants for tmie were genotyped by amplification using the following primers and sequencing: For (forward): 5Ј-CCAG CAGCTCTCGTAACCTC-3Ј; Rev (reverse): 5Ј-CCGCCATCACCAGT CTATTT-3Ј.
Plasmid DNA constructs and injections. For cloning the SILL enhancer, the 2 kb upstream of the HGn39D insertion was amplified from genomic DNA and cloned in the Tol2kit 219 plasmid using the following primers: EnUp-attb4-For: 5Ј-GGGG ACA ACT TTG TAT AGA AAA GTT G TA-AAGAAATGTCAAGTGTTT-3Ј; EnUp-attB1-Rev: 5Ј-GGGG AC TGC TTT TTT GTA CAA ACT TG GTTGGGATGGTGTACAGTAT-3Ј.
The 2 kb downstream of the HGn39D insertion was amplified and cloned in the Tol2kit 220 plasmid using the following primers: EnDoattB2-For: 5Ј-GGGG ACA GCT TTC TTG TAC AAA GTG G CC ATC-CCAACTCACTCACTATT-3Ј; EnDO-attB3-Rev: 5Ј-GGGG AC AAC TTT GTA TAA TAA AGT TG C CTGACATTTTCCGGAACAGG-3Ј.
The hsp70:mCherry-SILL (SILL1), hsp70:Gal4VP16-SILL (SILL2) and hsp70:MCS-SILL constructs were obtained using the Tol2 kit (Kwan et al., 2007) . Entry vectors were generated as described in the Invitrogen Multisite Gateway manual. PCRs were performed using primers to add att sites onto the end of DNA fragments, using Platinum Pfx (Invitrogen). The pEntry vectors containing the hsp70 promoter, the mCherry, the Gal4VP16, and the MCS (multiple-cloning site) are from the Tol2 kit. To generate the construct, VAMP-GFP was amplified using the UAS:VAMP-GFP;UAS:Kir2.1 plasmid as a template (Hua et al., 2005) , with the following primers: For: 5Ј-AGAC GATATCATGTCTGCCCCAGATGCT-3Ј;
Rev: 5Ј-TATGGATATCTTACTTGTACAGCTCGTC-3Ј.
The PCR product was digested by EcoRV and cloned into the hsp70: MCS-SILL construct.
Generation of transgenic zebrafish. To generate the Tg[SILL1] stable transgenic line, 20 pg of the Tol2-expression clone and 20 pg of the transposase synthetic RNA were simultaneously injected into one-cell stage wild-type eggs. The resulting embryos were raised to adulthood and incrossed for visually screening of germline transmission of the transgene. For mosaic expression in neurons, 25-30 pg of DNA was injected into embryos at the one-or two-cell stage.
Whole-mount in situ hybridization. We generated labeled RNA probes by in vitro transcription using the DIG/Fluor RNA labeling Mix (Roche). Embryos were fixed in 4% paraformaldehyde in PBS overnight at 4°C and whole-mount in situ hybridizations were carried using standard protocols.
To characterize cntnap2 expression, the following antisense probe was used: Ensemble Zv9 ENSDART00000081960, nucleotides 3049 -3357.
Labeling and imaging. Neuronal labeling by fluorescent dextrans was performed as previously described . We used a redfluorescent dextran [tetramethylrhodamine, 3000 MW (molecular weight), anionic, fixable, Invitrogen ref.D3308) and a magenta-fluorescent dextran (Alexa Fluor 647, 10,000 MW, anionic, fixable, Invitrogen ref.D22914). Imaging was done 1 d after dextran injection. In all the samples, we imaged the dextran injection site to confirm that only neurons innervating an individual neuromast were labeled. We analyzed samples in which the neuronal labeling was specific to the selected neuromast, with the exception of the dextran injections into the D2 neuromast, in which neurons innervating the more posterior and dorsal neuromasts were often also labeled.
Imaging, birthdating and anatomical analysis. For BAIT (Birthdating combined with Anatomical analysis by Incorporation of Tracers) experiment, Tg[HuC:Kaede] eggs were kept in the dark. At the 28 h postfertilization (hpf) stage, embryos were exposed to 405 nm light for 2 min and subsequently kept in the dark for 3 d. Neurons innervating terminal neuromasts were labeled by magenta-fluorescent dextran and the posterior lateralis ganglion was imaged 1 d later. For imaging, live samples were anesthetized and mounted onto a glass-bottom small Petri dish (MatTek) and covered with 1% low-melting-point agarose with diluted anesthetic. Images were acquired with a Leica TCS SP5 inverted confocal laser scanning microscope with a 20ϫ air objective, or a 40ϫ oilimmersion objective. Z-stacks of central and peripheral axons consisted of 1 m spaced images. Z-stacks of neuronal somata consisted of 2.5 m spaced images. Three-dimensional reconstructions and cropping of z-stacks were done with Imaris software (Bitplane).
Quantification of soma volume and peripheral axon diameter. To measure soma volume, a surface reconstruction of each soma imaged was done using Imaris, with a surface area detail level of 0.5 m and a thresholding based on absolute intensity. Threshold was manually adjusted to optimally match the surface reconstruction with the fluorescent signal. Imaris automatically quantifies the volume of the surface reconstruction. To measure peripheral axon diameter, we imaged a ϳ100 m segment of the peripheral axon just anterior to the peripheral arborization at the level of the neuromast using a Leica TCS SP5 inverted confocal microscope with a 20ϫ air objective, with Zoom: 8. Diameters were measured at ten equidistant locations of the imaged axonal segment and the average was calculated.
Laser-mediated cell ablation. For neuronal ablation we used a Micropoint laser system (Photonic Instruments Inc.) mounted on an Olympus IX81 inverted microscope equipped with a 40ϫ air objective. HGn39D embryos at 28 -30 hpf were anesthetized, mounted on a glass-bottom dish (MatTek), and covered with methylcellulose. A train of laser pulses was repeatedly applied to the posterior lateralis ganglion until all EGFP fluorescence disappeared. Embryos were allowed to recover for 2 h and then assessed for the presence of EGFP in the region of the posterior ganglion. Total ablation occurred in samples with no green-fluorescent signal in that region. One day later, we chose samples with new neurons forming a ganglion. We next labeled neurons projecting from the terminal neuromasts at 5-6 d postfertilization (dpf) by injecting fluorescent dextran at the neuromasts. We did the same in non-ablated controls.
Results

HGn39D is an insertion in Cntnap2a
We have previously reported that the zebrafish transgenic line HGn39D expresses EGFP in all the afferent neurons of the lateral line (Faucherre et al., 2009) . We sought to determine the integration site in HGn39D by sequencing genomic DNA flanking the transgene. This revealed a single insertion on chromosome 24 within a locus coding for a zebrafish homolog of the contactinassociated protein-like 2/Caspr2 (which we herein call Cntnap2a to differentiate it from a second Cntnap2 (Cntnap2b) located on chromosome 2) ( Fig. 1 A, B) . CNTNAPs are members of the Neurexin family of neuronal cell-adhesion proteins, which have been associated with autism and epilepsy in humans and in the mouse (Peñagarikano et al., 2011) . Next, we used whole-mount in situ hybridization in 3 dpf zebrafish embryos to determine the expression pattern of EGFP in HGn39D and of the endogenous Cntnap2a, which revealed strong expression of both genes in the anterior and posterior lateralis ganglia (Fig. 1C,D) . Additional weak expression of Cntnap2a may be present throughout the CNS. This result suggests that the specific expression in HGn39D may be replicated with new transgenes. Toward this aim, we characterized regulatory regions of Cntnap2a in experimental constructs that were tested by transient transgenesis by injecting them as plasmids into fertilized zebrafish eggs. We started by cloning 2 kb fragments of genomic DNA flanking the insertion site in HGn39D. We tried several combinations of these genomic fragments placed upstream and/or downstream of the heatshock-70 promoter followed by a cytoplasmatic version of the monomeric red-fluorescent protein mCherry. DNA fragments upstream of the insertion site were not driving any visible transgene expression. However, a 2 kb downstream fragment placed downstream of mCherry drove robust gene expression in lateralis afferent neurons (data not shown). We named this construct SILL1 (for Sensory Innervation of the Lateral Line number 1) ( Fig. 1 E) . We subsequently generated a stable transgenic line bearing the SILL1 construct, which fully recapitulated the expression pattern of the original enhancer-trap line ( Fig. 1 F-J ) . We also constructed SILL2 by replacing mCherry with a Gal4-VP16 transcription factor. Injecting the SILL2 plasmid into eggs from the Tg[UAS:TdTomato-CAAX; HGn39D] stable transgenic line activated mosaic expression of the red-fluorescent protein in the afferent neurons of the lateral line ( Fig. 1 K 
-O).
Lateralis afferent neurons are structurally diverse and diverge in the hindbrain Stochastic expression of SILL1 by DNA injection allowed us to obtain unprecedented resolution of individual lateralis afferent neurons ( Fig. 2A) . We selected for analysis animals in which single mCherry-labeled axons were resolvable in the hindbrain.
We combined this analysis with neuronal labeling with fluorescent dextrans (see below). High-resolution in vivo threedimensional imaging and quantifications revealed that the central projection of each neuron branches into ϳ60 bulged spines or boutons ( Fig. 2 A-D) , which likely represent synaptic contacts with second-order targets because they enriched a well characterized presynaptic marker (Fig. 2 E-G) (Hua et al., 2005) . In the course of this systematic anatomical study, we noticed that some central axons consistently presented a ventral-pointing indentation in their rostral ramus (Fig. 2 A) . To know whether this indentation identified a particular neuronal population, we labeled all the neurons from a neuromast by injecting dextrans in the vicinity of their peripheral arborization below the hair cells. Dextran uptake and retrograde transport highlights the entire neuron, including fine details of their central projections ( Fig.  2 H) . Injections of magenta-dextran in terminal neuromasts resulted in the labeling of up to four neurons ( Fig. 2 I) , whose identity as afferent was established by the localization of their soma within the posterior lateralis ganglion (Fig. 2 H) . We consistently observed that only around half of the labeled axons presented an indentation. Indented axons always projected dorsally in the lateralis column of the hindbrain ( Fig. 2 I -L) . Neurons without the indentation had ventrolateral projections that appeared thinner ( Fig. 2 I, L) . Next, we asked whether the position of the indentation was conserved for all axons. For this purpose we used a triple transgenic line Tg[SILL1; hspGFFDMC130A; UAS: EGFP] that expressed EGFP under the control of the Gal4 in the Mauthner cell and mCherry in all the lateralis afferent neurons (Fig. 2 M) . The stereotyped localization and orientation of the Mauthner cell in the hindbrain was used as three-dimensional landmark (Eaton et al., 1977; Kimmel et al., 1981) . Maximal projections of confocal stacks showed that the lateral dendrite of the Mauthner cell invades the center of the lateralis column ( Fig.  2 M) . Medial-to-lateral progression of consecutive focal planes at higher magnification showed that the Mauthner's lateral dendrite coincides with the indentation of the dorsal-projecting axons ( Fig. 2 N -Q) . The indentation and projection pattern along the dorsoventral axis in the hindbrain suggest the existence of lateralis neuronal subclasses in the zebrafish larva.
Neuronal subclassification based on contacts with a central target
Lateralis afferents input monosynaptically the Mauthner cell in the zebrafish and other species (Zottoli and Van Horne, 1983; Kimmel et al., 1990) . To ask whether the Mauthner cell is a direct output neuron of all lateralis afferent neurons, we injected magenta-dextran in the L1 neuromast of Tg[SILL1; hspGFFDMC130; UAS:EGFP] triple transgenics. This experiment showed that only the dorsal-projecting axons with an indentation contact en passant the lateral dendrite of the Mauthner cell ( Fig. 3A-C) , whereas ventral-projecting neurons do not, further supporting our subclassification of neurons. In the trunk of zebrafish larva, the lateral line is formed by neuromasts that derive from at least four primordia. Two primordia give rise to the dorsal and two to the posterior neuromasts. Posterior and dorsal neuromasts are subdivided into those originating from first primordia (early-born/primary neuromasts: respectively L1-terminal and D1), and those that are formed by second primordia (late-born/ secondary neuromasts: LII.1-LII.4 and D2-D4). Primary neuromasts contain hair cells that are plane polarized parallel to the anteroposterior body axis of the fish, whereas hair cells in secondary neuromasts are orthogonally oriented. The protracted development and structural diversity of the lateral line motivated us to ask whether all the neuromasts send direct projections to the Mauthner cell. For this purpose, we systematically injected dextrans in neuromasts identified by position as early-born/primary or late-born/secondary in the posterior and dorsal branches of the lateral line. Next, we assessed their projections in the triple transgenic line Tg[SILL1; hps-GFFDMC130; UAS:EGFP] (Fig. 3D-G ). This experiment showed that no neuron from representative secondary neuromasts project to the Mauthner cell, whereas, injected primary neuromasts contained neurons that contact the lateral dendrite of the Mauthner, and neurons that do not (p Ͻ 0.05, two-tailed Fisher's exact test) ( Fig. 3J ) (Sheskin, 2004) . Identical results were obtained by stochastic labeling of neurons by DNA injection (p Ͻ 0.05, two-tailed Fisher's exact test) (Fig. 3H-J) , suggesting that the projection differences were not due to an effect of dextran incorporation into the neurons. The evidence from these experiments shows an asymmetric monosynaptic input of the lateral line to the Mauthner cell, with a disproportionate contribution from early-born/primary neuromasts. There is a temporal progression of lateralis neurogenesis in the zebrafish embryo Sarrazín et al., 2010; Sato et al., 2010) . Therefore, one possibility to explain neuronal heterogeneity is that neurons with the indentation or direct contact with the Mauthner cell are born at different times than those without it. However, over time late-born neurons may mature to resemble first-born. To test this possibility, we followed samples in which both neuronal classes from a single neuromast were labeled, and saw no differences in their central projections or contacts with the Mauthner cell over a 7 d period (Fig. 3K ) . To rule out an effect of dextrans on the normal long-term behavior of the axons, we also labeled the neurons from terminal neuromasts in naive HGn39D transgenic juveniles at 20 dpf and observed them 1 d later. Again, we saw the presence of both neuronal subclasses (Fig. 3L) .
Biased axonal projection pattern of large and small neurons
Having shown neuronal subclassification in relation to central projections and contact with the Mauthner cell, we next decided to search for additional differences between these neurons. Because dextran uptake eventually decorates the entire neuron, we looked at potential differences in the ganglion and peripheral axons. Within the ganglion we consistently found neurons with large and small somata (Fig.  4A,B) . We plotted the neurons in a twodimensional space in which each dot represented the soma volume of individual neurons. The data were then grouped by both the innervated neuromast and the labeling method. The distribution of neurons showed a clear distribution into two groups. We then arbitrarily set a mark of 1500 m 3 because it is infrequently represented in the volume distribution, to classify neurons as large or small. This classification showed that large-soma neurons were always located dorsally in the ganglion, suggesting that they are older. A systematic anatomical characterization and quantification revealed that large-soma neurons projected exclusively from terminal neuromasts, whereas neurons from non-terminal neuromasts were homogeneously small (Fig.  4C,D) . We next assessed the relationship between the volume of the neuronal soma, the diameter of the axon, and contacts with the Mauthner cell in single neurons marked with the SILL1 construct. All large-soma neurons bore peripheral axons of larger diameter (Fig. 4 E-H ) . We found that every large neurons made a direct contact with the Mauthner cell, whereas we could further subclassify small neurons into those that did and those that did not contact the Mauthner. This conclusion is based on a two-tailed Fisher's exact test, with a p Ͻ 0.05 (Fig. 4 E-H ) .
Neuronal projections and birth date
To ask about the timing of neuromast innervation relative to neuronal size, we la- beled neurons by fluorescent dextrans at different stages of zebrafish development. This experiment confirmed that large neurons arrive to the target neuromast first (Fig. 5 A, B) . Lateralis neurogenesis in the zebrafish embryo occurs in two discrete waves, whose temporal sequence results in a strongly biased dorsoventral localization of neurons in the ganglion Sarrazín et al., 2010) . To test the hypothesis that dorsal-most neurons belong to the first wave and have bigger somata, we developed BAIT, by which timed fluorescentprotein photoconversion dates cells, and dextran incorporation reveals their structure. BAIT showed that older neurons are larger and are mostly located in the dorsal aspect of the ganglion (Fig.  5C,D) . We have previously reported that the transgenic line hspGFF53A is one of the earliest markers lateralis afferent neurons, and that HGn39D begins to be expressed in the same neurons several hours later (Pujol-Martí et al., 2010). A reassessment of these transgenic lines showed that the fluorescent signal from HGn39D persists as neurons age, whereas that of hspGFF53A fades with time. Neurons located in the ventral aspect of the ganglion (late-born) expressed SILL1 (mCherryϩ) and hspGFF53A (EGFPϩ). However, hspGFF53A was downregulated in dorsally placed neurons (early-born), whereas SILL1 expression was maintained (mCherry(ϩ)/EGFP(Ϫ)). The combination of this transgenics is therefore complementary to BAIT to date neurons in vivo. Using the triple transgenics Tg[SILL1; hspGFF53A; UAS:EGFP] injected with dextrans in terminal neuromasts we analyzed the soma and central projection of neurons of different ages by threedimensional confocal microscopy (N ϭ 18) (Fig. 5E-G) . This experiment consistently revealed that the oldest neurons (mCherry(ϩ)/ EGFP(Ϫ)) were larger and localized to the ganglion's dorsum (N ϭ 11), whereas the youngest neurons (mCherry(ϩ)/EGFP(ϩ)) were smaller and localized to the ventral aspect of the ganglion (N ϭ 7) (Fig. 5E ). When we examined the central projections from the oldest neurons we observed that they were always characterized by and . Neuronal subclassification based on soma volume and peripheral axon diameter. A, Posterior lateralis ganglion at 7 dpf with somata from afferent neurons projecting from the terminal neuromasts labeled with red-dextran (false-colored blue) and neurons projecting from the LII.1 neuromast labeled with magenta-dextran (magenta). B, Surface reconstruction of each soma that was used for volumetric analysis. C, Quantification of soma volume (m 3 ) at 7 dpf. Each dot represents the soma volume of an individual neuron. Data are grouped in the x-axis by both the innervated neuromast and the labeling method (no asterisk: dextran, asterisk: DNA). Averages and error bars (SEM) are shown in blue. Neurons projecting from the terminal neuromasts were split into two categories: large-soma (Ͼ1500 m 3 ) and small-soma (Ͻ1500 m 3 ) neurons. Averages and SEM were calculated separately for each category. D, Soma volume averages (m 3 , with SEM) at 7 dpf, grouped by both the innervated neuromast and the labeling method. E-G, Three examples of lateralis afferent neurons at 7dpf, labeled by SILL1 DNA injection. Surface reconstructions for each soma are shown. Green and red indicates contacting and non-contacting the Mauthner cell, respectively. Peripheral axon images are focal planes. Snapshots of the three-dimensional reconstruction of the central projection and the distal tip of the Mauthner cell's lateral dendrite (green) are also shown. H, Correlation between contacts with the Mauthner cell, soma volume (m 3 ) and peripheral axon diameter (m) as an average of ten equidistant points along the axon at 7 dpf. Each dot represents the soma volume and peripheral axon diameter of an individual neuron, labeled by SILL1 DNA injection. In all the panels dorsal is up and anterior is left. Scale bars represent 5 m for panels showing peripheral axons, and 10 m for panels showing neuronal somata.
indentation in their rostral ramus and projected axons dorsally in the hindbrain, whereas youngest neurons always had ventrolateral projections (Fig. 5F,G) . From these results we confirm that soma size and axonal projections correlate with the sequence of neuronal birth and differentiation (two-tailed Fisher's exact test, with a p Ͻ 0.05).
The lateralis neural map develops in the absence of sensory input
We wanted to know whether evoked sensory activity played any role in neuronal subclassification or instructed their projection pattern in the hindbrain. For this purpose, we combined the injection of a magenta-dextran in terminal neuromasts whose large neurons always contact the Mauthner cell, and red dextran in a secondary neuromast that are devoid of neurons projecting to the Mauthner. These injections were made in wild-type animals and in mutants lacking hair-cell mechanoreception (homozygous mutant for tmie), or lacking hair cells in the neuromasts (homozygous mutant for atoh1a) (Fig. 6 A-C) (Faucherre et al., 2010) . We observed no differences in central projections or soma size between all three conditions, demon- . Simultaneous analysis of innervation/birthdate and soma volume of lateralis afferent neurons projecting from the terminal neuromasts. A, Posterior lateralis ganglion with somata from afferent neurons projecting from the terminal neuromasts labeled at different stages (48 hpf, 4 dpf, and 7 dpf). B, Quantification of soma volume (m 3 ) from afferent neurons projecting from the terminal neuromasts labeled at different stages. Each dot represents the soma volume of an individual neuron. The data were grouped in the x-axis by the stage of labeling. Averages and error bars (SEM), shown in blue, were calculated separately for the large-and small-soma neurons categories. C, Maximal projection of a posterior lateralis ganglion at 5 dpf resulting from a BAIT experiment. Kaede photoconversion was performed at ϳ28 hpf. Early-born neurons (converted at ϳ28 hpf) are green and red (yellow), whereas late-born neurons appear only green. Three large and one small soma from afferent neurons projecting from the terminal neuromasts were labeled by magenta-dextran uptake at 4 dpf. D, Percentage of large and small somata from afferent neurons projecting from the terminal neuromasts of both types: early-and late-born. E-G, Confocal planes of somata (E) and central projections (F, G) from lateralis afferent neurons projecting from the terminal neuromasts labeled by magenta-dextran at 6 dpf, in a Tg[SILL1; hspGFF53A; UAS:EGFP] triple transgenic. The red and green arrowheads indicate two large and one small soma, respectively. Central projections pictures: the asterisk indicates the indentation. Red and green arrowheads indicate dorsal and ventrolateral projections, respectively. strating that evoked sensory input does not instruct neuronal subclassification or the pattern of central projections. Another mechanism that could control map topology is competition, whereby axons from early-born neurons repel those from neurons born later from contacting the Mauthner cell. To test this hypothesis it is useful to observe the axonal projections from late-born neurons in the absence of early-born. If competition between neuronal subclasses does not play a role in axonal projections, late-born neurons from experimental animals should be indistinguishable from those under normal conditions. If, alternatively, interactions between axons are responsible for the differences, the projections of late-born neurons should be altered when early-born are absent. We tested this possibility by eliminating early-born neurons in HGn39D transgenics by laser ablation at 28 -30 hpf, a stage in development between the differentiation of both neuronal subclasses. Subsequently, magenta-dextran was injected in terminal neuromasts and central axonal projections were analyzed by three-dimensional confocal microscopy. In all cases analyzed the ablation of early-born neurons did not modify the axonal projections from late-born neurons (Fig. 6D,E) . Collectively, these results demonstrate that neither axonal competition, nor evoked sensory activity play a significant role during the assembly of the lateralis neural map.
Discussion
The piscine lateralis afferent neurons assemble a somatotopic neural map, in which axons are reproducibly positioned along a dorsoventral axis in the hindbrain (Claas and Mü nz, 1981; Alexandre and Ghysen, 1999; Ghysen and Dambly-Chaudière, 2007) . Although somatotopy probably forms a neuroanatomical code of the external hydrodynamic field, it is not well understood how animals use it to command behaviors. In this study we used neuronal labeling and image registration to reveal two classes of lateralis afferent neurons defined by birth order, soma size and location, central projections and contacts with an identified output neuron, to define a dimorphic sensorineural map. Next, we discuss our results and make predictions on how lateralis map topology may underlie appropriate behavioral responses according to the biological relevance of mechanosensory input.
Lateralis afferent neurons are extremely interesting because they can shed light on the mechanisms that initiate different behavioral programs by the same sensory modality. Many studies have firmly demonstrated a role of the lateral line in navigation, schooling and prey detection (Dijkgraaf, 1963; Montgomery et al., 1997 Coombs et al., 1998; Bleckmann, 2008; Coombs and Patton, 2009 ). It has also been proposed that the lateral line can send powerful inputs to the Mauthner cell to trigger the C-start escape response (McHenry et al., 2009 ). The optical transparency, external and fast development of the zebrafish, coupled with the accessibility and anatomical simplicity of its lateral line provides a powerful model to study the neuroanatomical bases of these contrasting behaviors. Because an essential part of investigations toward this aim is the careful characterization of neuronal connectivity, we generated two transgenic zebrafish lines for targeted gene expression. The hspGFFDMC130A line contains the Gal4 transcriptional activator stably integrated in the genome . We demonstrate that hspGFFDMC130A can express fluorescent markers in the Mauthner cell and few other tissues. We also generated the SILL1 transgenics that expresses the mCherry red-fluorescent protein in all the lateralis afferent neurons. Single-neuron labeling with the SILL1 construct revealed unexpected neuronal diversification and neuralmap dimorphism. In a divergent neural submap, each neuron forms ϳ60 boutons that concentrate a well characterized presyn- aptic marker. If we assume that each bouton represents a synaptic contact with one output neuron, the posterior lateral line has no more than 2,400 second-order targets in the zebrafish larva (Fame et al., 2006; Sassa et al., 2007) . In a convergent submap, many lateralis neurons directly contact the lateral dendrite of the Mauthner cell.
What determines map dimorphism and target selectivity? One possibility is that sensory activity plays an instructive role (Luo and Flanagan, 2007) . However, our results from the analysis of two types of mutants-a strong loss-of-function in Tmie that blocks hair-cell mechanoreception, and a loss-of-function in Atoh1a that prevents the development of hair cells in neuromasts-indicate that sensory activity is not a major force in sculpting the lateralis neural map. Axonal competition has been shown to influence neural mapping in several systems. However, our selective ablation of one neuronal subpopulation did not alter the projection of the remaining neurons. Therefore, inter-class axonal competition does not appear to instruct map topology.
We combined our transgenic lines with dextran injections for anatomical tracing to develop BAIT. One caveat of BAIT is that it does not reveal the actual birth dates of cells, but their relative age. Therefore, we made the assumption that neurons differentiate at similar rates once they have fate-committed. In doing so, we demonstrate a correlation between the sequence of afferent neurogenesis and central projections, and that only early-born neurons converge on the Mauthner cell. Although we cannot currently rule out that molecular gradients in the target area refine map topology much the same way as they do in other sensory systems, our findings support a strong contribution of neurogenic timing in lateralis neural map dimorphism and projection pattern (Fariñas et al., 2001; Luo and Flanagan, 2007; Clandinin and Feldheim, 2009; Feldheim and O'Leary, 2010; Schuster et al., 2010) . Such strategy is not likely to be unique to the lateral line, however. For example, mechanosensory neurons of the wing or photoreceptor neuron of the eye in Drosophila also produce tiered central projections based on their time of development (Palka et al., 1986; Morey et al., 2008; Petrovic and Hummel, 2008) . Earlier studies in Xenopus tested the involvement of timing in generating the topographic organization of the neuronal projection from the retina to the tectum, and concluded that it likely plays a permissive rather than an instructive role in axonal organization (Holt, 1984) . It would be interesting to test permissive versus instructive roles of timing in the lateral line.
Neuromasts are directionally sensitive by virtue of the planar polarization of their constituent hair cells. Posterior neuromasts have orthogonal planar orientations. Parallel neuromasts develop earlier from a first primordium and are called "primary neuromasts." Perpendicular neuromasts develop subsequently from independent primordia and are called "secondary" (Ló pez-Schier et al., 2004; Ghysen and DamblyChaudière, 2007; Sarrazín et al., 2010) . Our study demonstrates that waves of afferent neurogenesis accompany the protracted development of the neuromasts. Primary neuromasts project early-born neurons that diverge along the hindbrain but some of which also converge on the Mauthner cell. Secondary neuromasts, by contrast, only project late-born neurons that do not converge on the Mauthner. A potentially equivalent relationship between developmental timing and neuronal projection patterns has been reported for the segregation of afferent projections for the otic, lateralis and ampullary organs in the axolotl (Fritzsch et al., 2005) . In this case, however, the relationship is between organs rather than within each organ.
Afferent input to the Mauthner from primary neuromasts may be an elegant strategy to couple development with behavior because the earliest born neurons and neuromasts could allow the animal to use the lateral line for escape responses before it is able to swim. We show that in the zebrafish larva, terminal neuromasts are innervated by large-diameter afferent axons. The conduction velocity of myelinated axons in vertebrates increases linearly with their diameter (Hursh, 1939; Holmes, 1941; Goldman and Albus, 1968) . Therefore, early-born neurons projecting from terminal neuromasts are likely to be fast conducing, making them well suited to produce the first and fastest lateral-line stimulus for the C-start response. This also suggests that terminal neuromasts have a disproportionate relevance in the escape behavior mediated by the Mauthner cell. Interestingly, the trout also shows regional segregation of lateralis neurons relative to axon diameter and conduction velocity, which can compensate for the increased axonal length in large animals (Schellart and Kroese, 2002) .
Are terminal neuromasts enough to trigger the C-start response? Unlike neurons from other parts of the lateral line, each large neuron innervates up to three terminal neuromasts, which may increase their depolarization probability. This presents clear survival advantages because terminal neuromasts may suffice to trigger a C-start reaction by sending strong depolarizing inputs to the Mauthner cell with very short latencies. However, in general fish should not startle by nonthreatening stimuli, which predicts that early-born neurons should have lower sensitivity than late-born. Behaviors such as navigation, rheotaxia and schooling necessitate continuous input and probably have lower activating thresholds that the C-start. Afferent neurons with different excitability and conduction velocities have been reported for the posterior lateral line of the goldfish (Fukuda, 1974) . Also, in cichlids, lateralis afferent neurons with higher rate of spontaneous discharge are more sensitive (Mü nz, 1985) . Interestingly, the rate of spontaneous activity of individual afferent neurons in the zebrafish larva varies along the lateral line (Liao, 2010) . If these observations are extrapolated and combined with our findings, one emergent possibility is that the C-start will only be triggered by the coincident input on the Mauthner cell from "high sensitivity/low conduction velocity" and "lower sensitivity/high conduction velocity" neuronal classes. This model will safeguard the animal from startling upon stimuli that would depolarize one neuronal subclass but not the other, and is reminiscent of the escape strategy of crayfish, in which a mechanosensory stimulus activates parallel neuronal pathways with different reaction times that trigger the startle when arriving coincidently to an output command neuron (Reichert and Wine, 1982; Mellon and Christison-Lagay, 2008) . However, more complex processing of hydrodynamic stimuli is possible, with multiple neuromasts contributing to the probability of depolarizing excitatory signals from the lateral line to the Mauthner cell (Korn et al., 1974) .
Although spatiotemporal resolution may involve secondary neuromasts, they may not contribute to the C-start response because of their discrete location and their insensitivity to the direction of propagation of most of the water flow generated by submerged predators. This may explain why their afferent neurons do not form monosynaptic contacts with the Mauthner cell. This begs the question of whether somatotopy has any functional relevance to the C-start reaction. Currently, we favor the hypoth-esis that lateralis somatotopy does not play a major role in the escape behavior of the zebrafish larva. Thus, the lateral line would sacrifice spatial accuracy for sensitivity and response speed. For navigation, however, somatotopy is likely to be essential. Thus, the lateral line may assemble a convergent submap for speed and a divergent submap for accuracy. The combined activity of neurons can code for the entire range of stimuli (spectrum) that a sensory organ can acquire. Variation in the sensitivity of individual sensory receptors within the organ can subtract aspects of a complex stimulus to direct behavior. This subdivision of work is called range fractionation (Cohen, 1963) . However, variations in sensory transducers can also impact information processing. Therefore, the next challenge is to determine whether sensorineural map dimorphism in the lateral line form the bases of range fractionation by this sensory system Braun et al., 2002) .
